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A resonant cavity based on the TMo1o0 mode is an effective tool for noninvasive beam characterization. 
This technique has the advantages of a high signal-to-noise ratio, compact structure, and is related to multiple 
parameters compared with other beam monitors. In this study, high-precision measurements of the bunch charge, 
arrival time, bunch length, and energy parameters based on the TMo10 mode are discussed. A cavity beam 
arrival time monitor (BAM) utilizing a phase cavity has been widely used in many facilities. Regarding bunch- 
length measurements, the influence of the beam energy, beam offset, and longitudinal spectrum on the TMo10 
mode are carefully considered to reduce errors, and the theoretical resolution of two cavities with different 
frequencies is analyzed. Owing to the dependence of the beam velocity of the beam loss factor, this method 
can also be used for the detection low beam energy using two cavities with the same frequency but different 
cavity lengths. A set of three cavities with different lengths and frequencies of 1.902 GHz and 11.424 GHz is 
presented for measuring the four aforementioned parameters. 
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I. INTRODUCTION 


Beam diagnostics are critical for understanding the char- 
acteristics of electron beams in accelerator facilities [1, 2]. 
Considering the development of free-electron lasers (FELs) 
and ultrafast electron diffraction (UED) facilities for example, 
the demand for highly precise beam diagnostics is continu- 
ously increasing[3—8], especially for the ultrafast exploration 
in pump-probe experiments. Moreover, noninvasive devices 
are favorable options that can provide real-time measure- 
ments and feedback, even bunch-by-bunch. Beam monitor- 
ing based on the TMg10 mode is a nondestructive method that 
has been utilized in many facilities owing to its many advan- 
tages, such as compactness, simple structure, and high sensi- 
tivity [9-11]. Because the TMo10 mode excited by the pass- 
ing beam is related to many beam parameters, including the 
bunch charge, arrival time, bunch energy, and length[12, 13], 
this method has significant potential for measuring the four 
aforementioned parameters with a high resolution. 

Regarding a cylindrical cavity, the amplitude of the TMoio 
mode is proportional to the bunch charge. A resonant cavity 
can be employed for the bunch charge and arrival time mea- 
surements by precisely detecting the monopole mode, which 
is known as the cavity beam arrival time monitor (BAM) 
or the reference cavity of the cavity beam position monitor 
(CBPM)[14, 15]. This approach can achieve a high resolu- 
tion and has been applied in many facilities [16-18]. The 
best resolution of the cavity BAM was reported ([16]) to be 
13 fs at 250 pC, which was obtained at the Linac Coherent 
Light Source (LCLS) using a 2806 MHz cavity. 

The bunch length is a key parameter of the beam longitudi- 
nal features. Many methods have been proposed to obtain the 
beam length [19—23]; however, only a few are nondestructive. 
Considering the development of FELs and UEDs, a noninva- 
sive bunch-length monitor for short bunches is currently re- 
quired, such as for those shorter than 1 ps. The TMo1o mode 
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can be used for measuring the bunch length owing to the influ- 
ence of the bunch length on the amplitude of the TMo19 mode 
[13, 24]. Compared to other techniques, this method has the 
potential for a high-resolution for measuring short bunches. It 
usually requires two TMg10 modes with different frequencies 
to measure the amplitudes of the beam longitudinal spectrum 
at two frequencies. For this technique, the beam energy, trans- 
verse offset, and longitudinal distribution all have an impact 
on the amplitude of the TMo15 mode, which may cause sig- 
nificant inaccuracies [25]. The errors caused by these factors 
will be carefully analyzed in this article. 


The beam loss factor is also related to the beam energy 
[26, 27], indicating that the monopole mode may be used 
to measure the beam energy. Compared to techniques such 
as those using dipole magnets [28], measuring the bunch en- 
ergy based on the TMo19 mode is compact and noninvasive. 
This technique demands two cavities with the same frequen- 
cies of the TMo19 modes to normalize the bunch length and 
charge; longer cavities can achieve a higher resolution. How- 
ever, considering a limitation of this method, it can only be 
used for energy measurements of low-energy electron beams; 
therefore, it is particularly suitable for UEDs [5] and ultrafast 
electron microscopes (UEMs) [29]. 


Because the TM o19 mode is related to multiple parameters, 
the coupling effect must be limited when measuring a certain 
parameter. For the bunch length or energy measurements, the 
two cavities should be specifically designed to normalize the 
other parameters. A set of three cavities with different struc- 
tures and frequencies of 1.902 GHz and 11.424 GHz is pro- 
posed for the diagnostics of the four beam parameters in this 
study. This design is expected to provide noninvasive mea- 
surements and save considerable space in accelerators com- 
pared to other beam diagnostic devices. 


The relationship between each beam parameter and the 
'TMo;o mode is theoretically analyzed in section II. Section 
III presents the simulation results of the different parameters 
and evaluation experiments. A design of three cavities for 
the diagnostics of the four beam parameters is presented in 
section IV. 


II. THEORETICAL BASIS OF THE TM010 MODE 


When a relativistic electron beam moves along a cavity, 
the electromagnetic field of a series of eigenmodes is ex- 
cited. Applying this theory, the voltage of a particular res- 
onant mode excited in the cavity (Vex<) is represented as fol- 
lows: 
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where kross is the loss factor, w is the resonant angular fre- 
quency of the mode, g is the bunch charge, and a is the nor- 
malized shunt impedance, which is a key factor for evaluating 
the beam loading effect. The monopole mode has the highest 
sensitivity of the resonant modes. Regarding the monopole 


mode of a pillbox cavity, a is calculated as follows: 
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Here, x is the beam offset, d is the cavity radius, L is the 
length of the pillbox cavity, T is the transit time factor, J;, is 
the nth-order Bessel function, and 701 is the 1st root. Notably, 
the £ of the monopole mode of the pillbox is insensitive to 
the beam offset near the cavity center. 

In principle, the loss factors of bunches passing through a 
cavity at a nonrelativistic velocity are lower than those at an 
ultrarelativistic velocity. The energy loss in the cavity should 
vanish when the velocity approaches 0. The influence of the 
bunch length must also be considered if the bunch length is 
not negligible with respect to the frequency of the TMo10 
mode. Assuming a Gaussian bunch with an rms length c, and 
velocity v = Bc passing through a cylindrical pillbox, the line 
density is A(s) = exp (—s?/202) / (/270,). By integrating 
over all the particles in the bunch, the dependence of the beam 
loss factor on 6 and c, can be expressed as follow:[26, 27]. 
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where c is the speed of light, and 8 and y are the relativistic 
factors. Describing the beam length using the longitudinal 
time scale c; = o,/v, the output voltage extracted from a 


coupling structure with an impedance Z can be expressed as 
follows: 
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where Qext is the external quality factor, which mainly de- 
pends on the coupling part. The a in Eq.(4) is solely deter- 
mined by the cavity shape and is unrelated to 3. As shown in 
Eq.(4), the output voltage is proportional to the bunch charge 


q, and related to the bunch length c; and velocity £c. As the 
bunch length increases or the velocity decreases, the voltage 


decreases. The TMo1o mode can be used for the measure- 
ment of these parameters, but the coupling effect between the 
parameters should be taken seriously. 

Regarding the measurement of the bunch charge, cavities 
with a low resonant frequency and short cavity length are pre- 
ferred to reduce the influence of the bunch length and energy 
jitter, especially under conditions of a long bunch length or 
low energy. 

w? c2 
——3 t 
that two cavities with different frequencies can be used for 
measuring the bunch length, which can be determined by di- 
viding the two TMo19 mode signals, simultaneously normal- 
izing the bunch charge. Since Vout is also related to £, it may 
impact the bunch-length measurement. Regarding the ultra- 
relativistic case, V5, is independent of 5. On the contrary, the 
energy jitter of the low energy beam will cause large errors in 
the accuracy of the beam length. The Vout can be rewritten as 
follows: 


Vout in Eq.(4) is proportional to exp ( ) indicating 
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where k = $4/ 7 which is only determined by the cav- 


ity structure. Based on Eg.(5), by using two cavities with 
the same d (B), the effect of the bunch energy can be elim- 


inated. The 2 depends only on the cavity shape and has no 
dependence on the material or surface condition of the cav- 
ity. Therefore, for the bunch length measurement, when the 
dimensions of the two cavities are proportional, the Æ val- 
ues are the same but the frequencies differ. Additionally, the 
beam offset and longitudinal distribution can also cause er- 
rors, which will be simulated and analyzed in Section III. 
For measuring the bunch energy, the charge must be 
normalized; furthermore, the exponential term in Eq. (4), 
exp (- a ri 
fore, two cavities with the same frequency but different L/d 
are required to eliminate the influence of the bunch length 
and charge when detecting the bunch energy. In this case, the 
dependence of the voltage amplitude on £ is as follows: 


) , is also not negligible for long bunches. There- 
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The variation in the amplitude of the TMo10 mode with 6 
and the ratio of the cavity length L and radius d is shown in 
Fig. 1(a). Note, a nearly linear relationship between ( and the 
voltage amplitude can be observed Fig. 1 when 8 > 0.86 and 
L/d< 2. 

Compared to 5, the beam energy Ej; is a more commonly 
used parameter. The relationship between the beam energy 
and 6 is expressed by the following formula: 
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According to Eqs. (6) and (7), the relationship between the 
amplitude of the TMgp10 mode and the beam energy Ep is 
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Fig. l. (a) Voltage amplitude deviations relative to the beam ve- 

locity Gc and L/d value of the pillbox. (b) Voltage amplitude de- 

pendence on the beam energy E, with different L/d values. The Vo 


value on the Y-axis represents the voltage amplitude when the beam 
speed approaches c. 


shown in Fig. 1(b). When the energy of the particle is above 
5 MeV, the amplitude variations as the energy decreases can 
be ignored. The amplitude of the TMo19 mode begins to de- 
crease when the energy is below 5 MeV and further rapidly 
decreases with a lower energy. Therefore, the T'Mo1o mode 
can be an effective tool to measure the low beam energy Ex, 
but it is not suitable for high-energy situations. 


III. SIMULATION AND TEST RESULTS OF DIFFERENT 
PARAMETERS 


A. Simulation and analysis of the cavity beam length monitor 
1. Influence of the beam energy and the resolution analysis 


Based on the discussion in Section II, two cavities with 
proportional dimensions have the same a (8) values and the 
division of the two TMoi9 mode signals can be employed to 
measure the bunch length, effectively mitigating the influence 
of the bunch charge and energy jitter. To verify the afore- 
mentioned analysis, two cavities were established in the CST 
software. The dimensions of the two models are shown in 
Fig. 2(a). The two cavities have the same shape, with a size 


ratio of 1:2. The frequencies of the two cavities were 7.912 


GHz and 3.956 GHz; the simulated results of a with differ- 


ent 8 values are shown in Fig. 2(b). The 2 (6) values of the 
two cavities are entirely identical. 
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Fig. 2. (a) Two models built in CST; the dimensional ratio of the two 
cavities is 1:2 (b) 4 deviations of the two cavities with different 6 
values. 


By cancelling the 6 (6) in Eq. (5), the bunch length mea- 
sured by two TMg10 modes at different frequencies can be 
expressed as follows: 
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The resolution Ao; of the detecting system can be derived 
from Eq. (8) as: 
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where SNR is the signal-to-noise ratio of the TM010 mode 
voltage measurement system. As shown in Eq. (9), the reso- 
lution of this method depends on the difference between the 
two frequencies and is inversely proportional to the beam 
length. However, when the bunch length was excessively 
long, the voltage amplitude rapidly decreased, resulting in a 
poor signal-to-noise ratio of the system, thus worsening the 
resolution. When the two frequencies were 5 and 10 GHz, a 
106-fs resolution was achieved for a 1-ps bunch measurement 
with the SNR assumed to be 70 dB. 


2. Influence of the transverse offset 


The output voltage is proportional to the , / a of the res- 


onant mode. For a cylindrical cavity without the tube and 
coupling structure, Eq. (2) provides its 2 value of the TMo10 
mode. Based on Egs. (2) and (4), the voltage in a cylin- 
drical cavity is proportional to Jo (kPa) and is maximized 
on the cavity axis. To study the influence of the beam trans- 
verse offset x, a closed pillbox with a radius of 20 mm was 
established in the CST software [30], and the simulation was 
evaluated using the eigenmode and wakefield solver. The the- 
ory and simulation results are demonstrated in Fig. 3, which 
are in good agreement. 
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Fig. 3. Normalized \/R/Q of the TMo010 mode in the pillbox 


cavity along the cavity diameter. 


For cavities with tubes, the electric field intensity of the 
TM910 mode along the cavity diameter is inconsistent with 
the Jo function, especially for the pipe area. According to 
[31, 32], the a of a pillbox with a tube can be expressed as 
follows: 

R _ (VoT(z)? — (WT(0)10(Kz))* 
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where K = mae Io is the modified Bessel function, and T 


is the transit time factor. The effect of the transverse offset 
is included in the transit time factor, and the changes caused 
by the offset are negligible according to the properties of the 
Io(Kz) function. A model of the pillbox with a tube was 
also simulated with the eigenmode solver in CST, as shown 
in Fig. 4(a). The E values for different offsets on the z-axis 
were calculated considering the transit time factor, and the 
normalized results are presented in Fig. 4(b). The amplitude 
of the TMo10 mode of the pillbox with a tube can be consid- 
ered invariant with respect to the beam offset compared with 
that of the closed cavity. 

Coupling structures and cavity types, such as the reentrant 
type, can lead to noncylindrically symmetric structures of the 
cavity. In these cases, the beam offset effect no longer con- 
forms to the aforementioned theoretical analysis. To study the 
influence, a simulation of the reentrant cavity monitor with 
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Fig. 4. Pillbox with a tube in CST and normalized ,/ R/Q of the 
TMo10 mode of the pillbox with a tube. 


different coupling ports was performed in the CST software. 
Fig.5 demonstrates the four cavities established for the simu- 
lation and the amplitude variation of the TMo19 modes. For 
the cavity with a single port, the beam offset had a significant 
impact on the output signal from the port; the change was ap- 
proximately 1% with a 3 mm offset. For the four-port cavity, 
the amplitude variation owing to the transverse offset was less 
than 1%0. 


3. Influence of the beam longitudinal distribution 


The measurement of the bunch length based on the TMo10 
mode was achieved by evaluating the amplitudes of two fre- 
quencies of the longitudinal spectrum of the beam and should 
be independent of the distribution. Because the shape of the 
bunch is not Gaussian in an actual scenario, the influence of 
different distributions should be considered. For a bunch with 
a longitudinally symmetric distribution, the beam spectrum 
F(w) expanded in the Taylor’s series can be written in the 
following form [13]: 
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where f(t) is the beam longitudinal density function. p is 
the kurtosis, describing the tailedness of a distribution relative 
to a Gaussian distribution, and is 0 if f(t) is Gaussian. For 
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Fig. 5. Models of the reentrant cavities with different ports and the 
normalized 4/ R/Q variation of the TMo1o modes of the aforemen- 
tioned models. 


p > 0, the beam distribution is thin-tailed, and referred to as 
leptokurtic. For p « 0, the distribution tends to be platykurtic, 
which is more realistic for electron beams. The probability 
densities of certain distributions with different kurtosis values 
are shown in Fig.6. The difference between the spectra of the 
Gaussian and symmetric distributions with different kurtosis 
values can be described as follows: 
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Fig. 6. Various symmetric distributions with different kurtosis val- 
ues. 


If the distribution of a longitudinally symmetric bunch is 
considered, in which the kurtosis significantly differs from 
that of the Gaussian distribution, such as the double expo- 
nential distribution (p — 3), and if the error is limited to be 


within 196o, the criterion of the beam length and frequency 
can be obtained as follows: 


0 < wos < 0.296 (13) 


This is a rather strict criterion since the real shape of the bunch 
is usually between the Gaussian and rectangular distributions, 
0 « |p| « 1.2. 

In conclusion, the resolution in Eq.(9) is better with a 
higher frequency for short bunches, but the frequency is lim- 
ited to ensure that the influence of different bunch shapes is 
negligible. 


B. Simulation and analysis for low-energy measurement 
1. Influence of the resonant frequency 


As analyzed in section II, the TMo19 mode can be used for 
low-energy measurements. However, for a low energy, the 
bunch length and distribution may significantly vary owing 
to the space charge effects and low magnetic stiffness, which 
will affect the accuracy. The Eq. (4) can be rewritten as fol- 
lows: 
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F(wo) represents the component of the longitudinal beam 
spectrum at the cavity freguency wo. Therefore, when using 
two cavities of the same freguency, both the beam charge and 
beam length can be normalized by dividing the TMoi9 mode 
signals of the two cavities. 

A simulation of two cavities was conducted in the CST 
software to validate the analysis. The two cavities were de- 
signed to have the same frequency but a different lengths, as 
shown in Fig. 7(a). Using the CST Wakefield solver, the volt- 
age signals of the two cavities with different beam lengths 
and 5 values were simulated. The amplitude dependence on 
B are plotted in Fig. 7(b). The amplitude varies with 5 at 
beam lengths of 3 and 6 ps, but the division of the signals 
of the two cavities is irrelevant to the beam length, and only 
depends on the energy. Generally, cavities with long lengths 
demonstrate a high dependence on f, and two cavities with 
the same frequency are required to obtain the beam energy. 
According to Eq. (7), the deviations in the amplitude of two 
cavities at different energies can be obtained, as illustrated in 
Fig. 7(c). the amplitude apparently decreases more rapidly at 
lower energies, aligning with the discussion in Section. II. 


2. Resolution analysis for low-energy measurement 


The relationship between ( and the voltage can be approx- 
imated to be linear when 3 > 0.86 and L/d « 2, as indicated 
in Section II. To normalize the beam charge and beam length, 
two cavities with the same frequency are required to measure 
the beam energy. The £ parameter can be calculated from 
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Fig. 7. (a) Two models established in the CST with the same fre- 
quencies and different lengths. (b) Simulated amplitude deviations 
simulated with different 6 values of the two cavities. (c) Simulated 
amplitude deviations at different beam energies obtained by the re- 
lationship between E; and 6. The Vo value on the Y-axis represents 
the voltage amplitude when the beam speed approaches c. 


the two voltages of the TMo19 modes, which is expressed as 
follows: 


Vouti 
Vout2 
where a is the linear fitting coefficient that represents the sen- 
sitivity of the voltage signal to 6, Vout is the normalized volt- 
age, and 6 reaches 1 when the particle velocity is c. By ob- 


taining the derivative of both sides of Eq. (15), the resolution 
of 6 can be obtained. 
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By substituting the resolution of £ into the relationship be- 
tween E, and 6, as shown in Eq. (7), the expression for the 
resolution of FE; can be derived as follows: 
B(Ex + moc?)? AB 


244 
MgC 


B=a* 


+(1—a) (15) 


AE = 


(18) 


Because AE is proportional to 3 and (Ej, + moc?)?, the 
resolution rapidly deteriorates as the energy increases. Sim- 
ulations based on our 4.76-GHz BAM pickup [33] were per- 
formed to apply the aforementioned analysis. The TM910 
mode dependence on f can be obtained by changing the ve- 
locity of the particles. Fig. 8 presents the simulation results 
and the linear fitting equation. The AE values were calcu- 
lated by using Eq. (18) and are summarized in Table 1, assum- 
ing that SNR is 70 dB, and the other low-frequency cavity is 
nearly independent of 6 and only used for charge normaliza- 
tion. The resolution can reach 3.17 keV at 0.5 MeV, but only 
151.99 keV at 3 MeV. 
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Fig. 8. The TMo10 mode amplitude dependence on f of the 4.76 
GHz pickup. 


TABLE 1. Simulation results of the beam energy resolution with the 
4.76GHz pickup. 


Er (MeV) Resolution (keV) Precision (%0) 
0.5 3.17 6.34 
1 11.52 11.52 
2 55.02 27.51 
3 151.99 50.66 


C. Evaluation test of the bunch length and energy 


Evaluation experiments were performed based on a 4.76- 
GHz BAM pickup [33], which was installed after the rf gun 
in our test beamline of the Tsinghua Thomson scattering X- 
ray source facility [34], as seen in Fig.9. The main beam 
parameters are summarized in Table 2. 


TABLE 2. Test beamline beam parameters. 


Parameters Test beamline 
Bunch charge (pC) 20-30 

Laser pulse length (ps) 3 

Electron energy (MeV) 0.5-3 

Pulse repetition rate (Hz) 10 
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Fig. 9. Scheme of the test beamline. 


In the test, the beam energy ranged from 0.5 MeV to 3 
MeV and the raw rf signals from the pickup were captured 
by a 20 GHz bandwidth oscilloscope. Because the variation 
in the bunch charge also affects the amplitude of the pickup, 
an adjacent Faraday cup was used to calibrate the charge in- 
formation. The amplitude variation of the pickup with the 
energy is plotted in Fig. 10. The sensitivity is 130.54 mV/pC 
at an energy of 3 MeV, but when the energy is reduced to 0.5 
MeV, the sensitivity is only 70.92 mV/pC, decreasing to 54%. 


Figure 10 also presents the simulation results obtained 
in the CST with a beam length of 3 ps, which is the same 
as the laser pulse length. However, the simulated sensitiv- 
ity is only reduced to 95% at 0.5 MeV, which is inconsis- 
tent with the experimental result. This occurred because the 
beam length increases at lower energies owing to the space 
charge force effects, which are not considered in the CST 
Wakefield solver. A simulation using Astra was performed 
with the space charge force activated, and the beam length at 
different energies was obtained. Subsequently, we imported 
the bunch energy and bunch-length parameters into CST to 
recalculate the amplitude of the pickup. As shown in Fig. 10, 
the experimental data and the simulation results obtained with 
the CST and Astra [35] are in good agreement. 
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Fig. 10. Measured data and simulated results of the 4.76 GHz 
pickup dependence on beam energy and length. 


IV. A DESIGN OF THREE CAVITIES FOR THE 
FOUR-PARAMETER MEASUREMENT 


Two cavities can be used for the bunch length or low- 
energy measurement. For the TMo 9 mode in the cavity, a 
high freguency is sensitive to the beam length, and a long 
cavity length is sensitive to the beam energy, while the TMo10 
mode with a low frequency and short length was used as the 
BAM monitor and for the charge normalization. A set of 
three cavities was designed to measure the beam charge, ar- 
rival time, beam length, and energy. Figure 11 presents the 
three cavities established in CST. The frequency of cavity] 
and cavity2 was 1.904 GHz for both, but the cavity lengths 
were significantly different. The two cavities can be used 
to measure the beam energy with the beam length normal- 
ized. The frequency of cavity3 increased to 11.424 GHz, and 
the sizes of cavity3 and cavity2 were proportional. There- 
fore, cavity2 and cavity3 can be used for measuring the beam 
length. Note, the three cavities were designed with four ports 
to reduce the influence of the beam offset. 


avity2: 1.904GHz 


Cavity 1: 1.904GHz 


Cavity3: 11.424GHz 
Fig. 11. Three cavities designed for measuring the four parameters. 


In the simulation, we found that increasing the length of the 
cavity2 demonstrated a more apparent energy dependence, 
but the frequency of the TMo11 mode gradually approached 
that of the TMojo mode. The long cavity length may also 
cause errors owing to the tilted incidence of the beam. The 
cavity length should be carefully chosen to avoid the effect 
of the TMg11 mode and the beam tilted incident. The final 
optimized dimensions and simulated rf parameters are sum- 
marized in Table 3. 


TABLE 3. Optimized dimensions and simulated rf parameters of the 
three cavities 


Parameter Cavity! Cavity2 Cavity3 
Cavity radius (mm) 32.50 61.62 10.27 
Cavity length (mm) 20.00 84.00 14.00 
Cut radius (mm) 20.00 - — 
Cut length (mm) 15.00 - - 
Pipe radius (mm) 5.00 24.00 4.00 
Frequency (GHz) 1.904 1.904 11.424 
R/Q (Q) 84.29 106.09 106.09 


The amplitudes of the TMg10 modes in cavity! and cavity2 


were monitored while scanning the 8 values. As shown in 
Fig. 12, the voltage amplitude of cavityl was barely reduced 
compared to that of cavity2. The ratio of the two normal- 
ized signals was proportional to 6 with a coefficient of 1.951. 
The energy measurement resolutions calculated by Eq. (18) 
are summarized in Table 4, with a 70 dB SNR. The theoreti- 
cal resolution reached 0.70 keV at 0.5 MeV and decreased to 
37.59 keV at 3 MeV. 
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Fig. 12. (a) Simulated amplitude dependence on of Cavityl and 
Cavity2. (b) Simulated amplitude deviations at different beam ener- 
gies of Cavityl and Cavity2. The Vo value on the Y-axis represents 
the voltage amplitude when the beam speed approaches c. 


TABLE 4. Theoretical energy resolution of the dual-cavity design. 


Er (MeV) Resolution (keV) Precision (%0) 
0.5 0.78 1.56 
1 2.84 2.84 
2 13.61 6.80 
3 37.59 12.53 


The a values of the TMg10 modes in cavity2 and cav- 
ity3 were also simulated with different 6 values. As shown 
in Fig.13(a), the 2 (8) value of the two cavities are consis- 
tent. For the bunch-length measurement, a parameter scan of 
the bunch length was applied in the simulation. The simu- 
lated amplitude deviations of cavity2 and cavity3 are shown 
in Fig.13(b), which are consistent with the theoretical analy- 
sis. The maximum bunch length was 4.2 ps with a limit of 
Eq. (13). A simulation of the effect of the beam offset was 
also conducted for the two cavities, both containing four cou- 
pling ports. The results indicate that the TMojo mode varies 
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Fig. 13. (a) 5 (B) of Cavity2 and Cavity3. (b) Simulated amplitude 
variations of the dual-cavity with the Gaussian distribution bunches. 


by less than 196o, implying insensitivity to the beam offset. 
According to Eq. (9), the resolution can reach 63.13 fs at a 
bunch length of 1 ps bunch with an SNR of 70 dB. 

As shown in Fig.12, the amplitude variation of cavityl was 
significantly small with 6 > 0.86. The frequency of cavity1 
was 1.904 GHz, which is the same as that of cavity2, which 
indicates that the amplitude of cavity! did not decrease when 
the bunch length was less than 6 ps. Therefore, cavityl can 
be used for monitoring the bunch charge and arrival time, as 
previously analyzed. 


V. SUMMARY 


In this study, we analyzed beam diagnostics based on the 
TMo10 mode; the impacts of multiple beam parameters on 
the TMo10 mode were studied. The bunch length and energy 
measurements both require two TMojo modes. Regarding 
the measurement of the bunch length, the errors caused by 
the beam energy, beam offset, and longitudinal distribution 
were thoroughly considered. For low-energy measurements, 
the amplitude of the TMp;gmode was nearly linear with 8 
when 6 > 0.86, and the bunch length was normalized with 
the same frequency of the two cavities. This method was used 
for low-energy measurements, achieving a high accuracy with 
a long cavity length. An evaluation test of the bunch length 
and energy was performed with a 4.76 GHz BAM pikcup. Fi- 


nally, a set of three cavities with frequencies of 1.904 GHz 
and 11.424 GHz was proposed for measuring the four pa- 


[1] P. Strehl, Beam instrumentation and diagnostics. (Springer, 
Berlin, 2006), pp. 1-10 
[2] J.D. Fan, Y.J. Tong, Y.G. Nie et al., First commissioning results 
of the coherent scattering and imaging endstation at the Shang- 
hai soft X-ray free-electron laser facility. Nucl. Sci. Tech. 33, 
114 (2022). doi: 10.1007/s41365-022-01103-0 
[3] C. Feng, H.X. Deng, Review of fully coherent free-electron 
lasers. Nucl. Sci. Tech. 29, 160 (2018). doi: 10.1007/s41365- 
018-0490-1 
[4] L. Wang, W.C. Fang, Z.T. Zhao, Design and optimiza- 
tion of low-emittance C-band photocathode RF electron 
gun. NUCLEAR TECHNIQUES. 44, 060201 (2021). doi: 
10.11889/j.0253-3219.2021.hjs.44.060201 
[5] R.K. Li, C.X. Tang, Y.C. Du et al., Experimental demonstration 
of high quality MeV ultrafast electron diffraction. Rev. Sci. In- 
strum. 80, 083303 (2009). doi: 10.1063/1.3194047 
[6] Z.T. Zhao, D. Wang, Q. Gu et al., SXFEL: A Soft X-ray Free 
Electron Laser in China. Synchrotron Radiation News. 30, 29- 
33 (2017). doi: 10.1080/08940886.2017.1386997 
[7] Z. Hui, L. Yu, H. Zhou et al., X-ray crystallography experimen- 
tal data screening based on convolutional neural network algo- 
rithms. Nucl. Tech. 46, 030101 (2023). doi: 10.11889/j.0253- 
3219.2023.hjs.46.030101 
[8] H. Chen, L.M. Zheng, B. Gao et al., Beam dynamics optimiza- 
tion of very-high-frequency gun photoinjector. Nucl. Sci. Tech. 
33, 116 (2022). doi: 10.1007/ s41365-022-01105-y 
[9] H. Maesaka, H.Ego, C. Kondo et al., Electron beam diagnostic 
system for the Japanese XFEL, in Proceedings of the Ist Inter- 
national Beam Instrumentation Conference. (Tsukuba, Japan, 
2012), pp. 38-46 
[10] Y. Otake, Advanced diagnosis of the temporal characteristics 
of ultra-short electron beams. Nucl. Instrum. Methods A 637, 
$7-S11 (2011). doi: 10.1016/j.nima.2010.02.010 
[11] S.S. Cao, Y.B. Leng, R.X. Yuan et al., Optimization of beam ar- 
rival and flight time measurement system based on cavity mon- 
itors at the SXFEL. IEEE Trans. Nucl. Sci. 68, 2-8 (2020). doi: 
10.1109/TNS.2020.3034337 
[12] Q. Luo, B.G Sun, Z.R. Zhou et al., Design of cavity beam 
monitor at HLS. in Proceedings of IPAC2011. (San Sebastian, 
Spain, 2011), pp. 1278-1280 
[13] Z.C. Chen, W.M. Zhou, Y.B. Leng et al., Subpicosecond beam 
length measurement study based on the TMoio mode. Phys. 
Rev. ST Accel. Beams 16, 072801 (2013). doi: 10.1103/Phys- 
RevSTAB.16.072801 
[14] J. Chen, Y.B. Leng, L.Y. Yu et al., Beam test results of high 
Q CBPM prototype for SXFEL. NUCL. SCI. TECH. 28, 51 
(2017). doi: 10.1007/s41365-017-0195-x 
[15] J. Chen, Y.B. Leng, L.Y. Yu et al., Optimization of the cav- 
ity beam-position monitor system for the Shanghai Soft X- 
ray Free-Electron Laser user facility. Nucl. Sci. Tech. 33, 124 
(2022). doi: 10.1007/s41365-022-01117-8 
[16] A. Brachmann, C. Bostedt, J. Bozek et al., Femtosecond oper- 
ation of the LCLS for user experiments. in Proceedings of the 
IPAC2010. (Kyoto, Japan, 2010), pp. 2287-2289 
[17] S.S. Cao, R.X Yuan, J. Chen et al., Dual-cavity beam arrival 
time monitor design for the Shanghai soft X-ray FEL facility. 
Nucl. Sci. Tech. 30, 72 (2019). doi: 10.1007/s41365-019-0593- 


rameters, which reached a 63.13-fs resolution at 1 ps and a 
1.56%cprecision at 0.5 MeV with a 70 dB SNR. 


3 

[18] Y. Otake, T. Ohshima, N. Hosoda et al., LLRF and 
timing system for the SCSS test accelerator at SPring- 
8. Nucl. Instrum. Methods A 696, 151-163 (2012). doi: 
10.1016/j.nima.2012.06.067 

[19] D.X. Wang, G.A. Krafft, C.K. Sinclair, Measurement of fem- 
tosecond electron bunches using a rf zero-phasing method. 
Phys. Rev. E 57, 2283 (1998). doi: 10.1103/PhysRevE.57.2283 

[20] J.H. Tan, W.C. Fang, D.C. Tong et al., Design, RF mea- 
surement, tuning, and high-power test of an X-band de- 
flector for Soft X-ray Free Electron Lasers (SXFEL) at 
SINAP. Nucl. Instrum. Methods A 930, 210-219 (2019). 
doi.org/10.1016/j.nima.2019.03.093 

[21] Y. Bian, W.Y. Zhang, B. Liu et al., Sub-picosecond electron 
bunch length measurement using coherent transition radiation 
at SXFEL. Nucl. Sci. Tech. 29, 74 (2018). 10.1007/s41365- 
018-0399-8 

[22] T. Watanabe, J. Sugahara, T. Yoshimatsu et al., Overall 
comparison of subpicosecond electron beam diagnostics by 
the polychromator, the interferometer and the femtosecond 
streak camera. Nucl. Instrum. Methods A 480, 315 (2002). 
10.1016/S0168-9002(01)00952-4 

[23] G. Berden, S.P. Jamison, A.M. MacLeod et al., Electro-Optic 
Technique with Improved Time Resolution for Real-Time, 
Nondestructive, Single-Shot Measurements of Femtosecond 
Electron Bunch Profiles. Phys. Rev. Lett. 93, 114802 (2004). 
10.1103/PhysRevLett.93.114802 

[24] Q. Wang, Q. Luo, B.G. Sun, Design and performance study 
of an improved cavity bunch length monitor based on an op- 
timized offline test scheme. Nucl. Instrum. Methods A 968, 
163975 (2020). doi.org/10.1016/j.nima.2020.163975 

[25] Q. Wang, Q. Luo, B.G. Sun, Study on the influence of beam 
transverse position on the cavity bunch length measurement. 
J. Phys.: Conf. Ser. 1350, 012153 (2019). doi:10.1088/1742- 
6596/1350/1/012153 

[26] S.S. Kurennoy, Dependence of bunch energy loss in cavities on 
beam velocity. Phys. Rev. ST Accel. Beams 2, 032001 (1999). 
10.1103/PhysRevS TAB.2.032001 

[27] D.O. Jeon, Measurement of beam loading at the SNS super- 
conducting linac for a beam with 5;1. Nucl. Instrum. Methods 
A 597, 132 (2008). 10.1016/j.nima.2008.08.145 

[28] E. Kongmon, P. Wongkummoon, S. Rimjaem, Simulations and 
measurements of the dipole magnet using in the 4-MeV elec- 
tron spectrometer. J. Phys.: Conf. Ser. 1144, 012108 (2018). 
10.1088/1742-6596/1144/1/012108 

[29] S.A. Aseyev, E.A. Ryabov, B.N. Mironov et al., The Devel- 

opment of Ultrafast Electron Microscopy. Crystals 10, 452 

(2020). 10.3390/cryst10060452 

[30] CST Microwave Studio, Germany, www.cst.com, 2018. 

[31] T.P. Wangler, RF Linear Accelerators, 2nd edn. (Wiley, New 

York,2008), pp. 32-47 

[32] P.M. Lapostolle, Proton linear accelerators: A theoretical and 

historical introduction, Los Alamos National Laboratory Re- 

port No. LA-11601-MS, 1989. 

[33] C.Y. Song, Y.Q. Jia, Z.Y. Liu et al., High-resolution cavity 
bunch arrival-time monitor for charges less than 1 pC. Phys. 
Rev. Accel. Beams 26, 012803 (2023). 10.1103/PhysRevAc- 


celBeams.26.012803 
[34] C.X. Tang, W.H. Huang, R.K. Li et al., Tsinghua Thomson 
scattering X-ray source. Nucl. Instrum. Methods A 608, S70- 


$74 (2009). doi.org/10.1016/j.nima.2009.05.088 
[35] K. Floettmann, Astra: A space charge tracking algorithm. 


10 


